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This paper presents an interactive 3D graphical sys-
tem which allows the user to visualize different bullet
path hypotheses and stab wound paths and computes
the probability that an anatomical structure associated
with a given penetration path is injured. Probabili-
ties can help to identify those anatomical structures
which have potentially critical damage from penetrat-
ing trauma and differentiate these from structures that
are not seriously injured.

INTRODUCTION

Assessing the type and magnitude of injuries involved
in penetrating trauma from gunshot and stab wounds
requires a working knowledge of the relationship be-
tween human anatomy, physiology, and physical man-
ifestations of injury. With ballistic injuries involving
multiple entry and exit wounds, these assessments are
even more difficult because the same external wounds
could be produced by many different bullet paths. In
[11], we described a 3D graphical penetration path as-
sessment system which enables users to visualize dif-
ferent bullet path hypotheses as well as stab wound
paths and to identify the anatomical structures affected
for each path, using a rotatable 3D model of a human
torso. This system has now been extended to present
the degree of belief that an anatomical structure associ-
ated with a given penetration path is injured, expressed
as a probability (within confidence limits). In addition,
a more realistic, continuous curve, wound path repre-
sentation for ballistic injuries has been created, and a
simple model of bullet ricochet off skeletal structures
has been developed.

By displaying injured organ possibilities and associated
penetration probabilities for a given set of wounds, the
system provides a visual cue to their potential conse-
quences, and in this way could aid medical profession-
als in reducing the injury hypotheses under considera-
tion. System functionality includes through-body nav-
igations which enable the user to follow a penetration
path in virtual space through the structures it affects.
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In this way, the system serves a function similar to that
of a CT-scan, with the added benefit of quantitative
information in the form of probabilities that describe
the likelihood of damage to anatomical structures.

The penetration path assessment system presents an
initial space of penetration possibilities*; ballistic char-
acteristics such as bullet type and velocity are not con-
sidered in assessing injuries from gunshot wounds. Al-
though the system can model bullet ricochet off skeletal
parts, it does not address such issues as bullet fragmen-
tation and the impact of secondary projectiles from
bullet or bone fragments. For an examination of these
and other related issues, see [3, 4, 5, 6, 13, 14, 15].

The organ, skeleton, and skin models currently used
are polygonal surface models developed at Viewpoint
Datalabs. Polygonal surface models of major blood
vessels were developed in-house based on reconstruc-
tions from CT-scan data using SPAMMVU and descrip-
tions from anatomy texts [1, 7, 8]. The current torso
model is a fixed-size model of an “average” female.
Our methods for calculating penetration probabilities
are independent of the particular anatomical models
used.

WOUND REPRESENTATIONS
Definitions

Possible injury to anatomical structures is determined
using 3D models of both penetration paths and anatom-
ical structures. We refer to the 3D models of penetra-
tion paths as wound path spaces. For gunshot wounds,
a wound path space is the space of possible trajectories
from an entry wound to an exit wound, a bullet lodged
in the body, or a skeletal nick. For stab wounds, it is
the area potentially affected by the instrument used in
a stabbing.

A penetration path hypothesis consists of one or more
gunshot wound path spaces, depending on the number
of gunshot wounds.

*Diagnosis follows from both penetration possibilities and the
signs and symptoms observed in a patient. For example, suspicion of
lung penetration accompanied by distended neck veins and decreased
breath sounds might lead to a diagnosis of tension pneumothorax.



Figure 1: Gunshot wound path space

Gunshot wound representation

Previously, we described the wound path space rep-
resentation for gunshot wounds as two cones joined
at their bases [11]. This gave rise to bullet trajectory
models with sharp discontinuities corresponding to the
meeting point of the cones’ bases. We have since re-
placed this model with a more realistic, continuous
curve representation (see Figure 1). Each wound path
space is oriented in such a way that one apex corre-
sponds to an entry wound location and the other to
an exit wound, bullet, or skeletal nick (in the case of
ricochet). The wound path space model combines hy-
potheses about the possible paths taken by a bullet with
information about potential cavitation effects that re-
sult from its movement through body tissue. The ratio
of the model’s length to its diameter is fixed at 100:18,
based on values obtained from [2, 3] of the dimensions
of permanent and temporary wound cavities produced
ininjuries involving projectiles. The wound path space
representation reflects the maximum expected devia-
tion (from a straight line path) of any continuous line
trajectory.

To model the region affected in the case of bullet ric-
ochet off bone, we consider two pairings — one from
an entry wound to a particular area of the skeleton and
another from this area of the skeleton to either a bullet
lodged in the body or an exit wound. The result is
two wound path spaces like the one in Figure 1 joined
end to end: one wound path space has an apex at the
location of the entry wound and its other apex at the
area of the skeleton nicked by the bullet. The second
wound path space has one apex at the skeletal nick
and its other apex at either a bullet location or an exit
wound location.

Stab wound representation

Two simplifications are made in modeling the wound
path space for a stab wound:

1. We assume it comes from a fixed length blade,

2. We constrain the possible directions of penetra-
tion of the blade by placing the wound path space
perpendicular to the skin surface at the point of
the stabbing!.

1 This constraint could be relaxed with more information from the
user in future versions of the system
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Figure 2: Stab wound path space

The wound path space representation for a stab wound
is a truncated cone or frustum (Figure 2), with its
smaller base positioned at the blade’s entry point, and
its wider base placed internally in such a way that
the frustrum is perpendicular to the skin surface. The
“vee” shape of the wound path space reflects uncer-
tainty about the limits of the direction of penetration of
the blade to the left and right of the axis perpendicular
to the blade’s entry point on the skin surface, and the
wound path space’s circularity represents uncertainty
about the orientation of the blade about the axis per-
pendicular to the entry point on the skin surface.

CALCULATING INJURY PROBABILITIES

Our previous article explains in detail how we deter-
mine which anatomical structures might be injured for
a given wound path space. Once this information s ob-
tained, it is useful to know how likely it is that a struc-
ture associated with a particular wound path space was
hit. We use probabilities to express the likelihood of
involvement of anatomical structures in a penetrating
injury. Since the penetration probabilities calculated
are approximations, our calculations include upper and
lower limits of confidence about the accuracy of each
probability derived. The interval estimated by these
confidence bounds is a range of probabilities that has
a95% chance of including the true penetration proba-
bility (it is a 95% confidence interval).

The hit probability for a given anatomical structure is
calculated by generating a number of experimental tra-
jectories or stab paths (within a wound path space that
has already been determined to intersect the structure),
and then computing how many of these trajectories
or stab paths hit the structure in question. For each
wound path space that intersects anatomical structures,
an intersection check is performed between trajectories
generated within the wound path space and all anatomi-
cal structures that intersect the wound path space. Each
trajectory generated either intersects a structure (a hit)
or does not (a miss). The total number of trajectories
or stab paths that intersect an anatomical structure is
represented by the binomial random variable X with
parameters n and p, where n is the total number of
experimental trajectories or stab paths generated and
p the probability of a hit. The sample hit probability



for the anatomical structure, X, is the total number
of hits divided by the number of randomly generated

trajectories:
X

n

X = (€))
We use the sample hit probability, X, as an estimate of
p because it is an unbiased estimator for p (the true hit
probability) [9].

We determine the confidence bounds for a given hit
probability using a normal approximation to the bino-
mial distribution. The confidence bounds for X are
given by:

(—X - Zalzw &7}@,74‘ Zaf2
)

where n is the number of simulated trajectories/stab-
paths and z4/; is the area under the standard normal
density function from —co to z,/,. The interval de-
scribed by equation 2 corresponds to a 100(1 — )%
confidence interval. For on-screen display purposes,
we write equation 2 as
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In order to produce a 95% confidence interval, « is set
to 0.05 and the corresponding value for z,/2 = 20.025
is 1.960 [9, 10].

The process of generating experimental trajectories
for gunshot wounds differs slightly from that for stab
wounds since the mechanisms of injury lead to differ-
ent wound path space models (Figures 1 and 2).

Generating experimental bullet trajectories

Our method for calculating hit probabilities for bal-
listic injuries involves simulating possible trajectories.
To determine the number of trajectories to use for the
probability calculations we estimated injury probabili-
ties for the same set of external wounds and anatomical
structures using different numbers, n, of trajectories,
starting with n = 50. The difference in the endpoints
of the confidence interval decreased at a rate inversely
proportional to \/n. Currently, we generate 200 tra-
jectories for the purpose of calculating injury proba-
bilities, but the number of trajectories simulated can
easily be increased (at the expense of an increase in
computation time).

Each trajectory extends from one apex of the wound
path space to the other and is created from two ran-
domly generated angles. One angle corresponds to the
amount of a trajectory’s deviation from a straight line
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path and the other to its rotation about a given wound
path space apex. The angle corresponding to the tra-
jectory’s deviation from a straight line path is produced
using a random number generator (from the Free Soft-
ware Foundation) that generates random numbers ac-
cording to a normal distribution. The inputs to the
random number generator are the mean angle and vari-
ance for the distribution, and in this case the mean is an
angle of 0 degrees, corresponding to a straight line path
(i.e., the average trajectory is one that does not deviate
from a straight line path) and the variance corresponds
to (0.5« Maz Angle)?, where M az Angle is the angle
that represents the maximum deviation a trajectory can
have from a straight line path while staying within the
boundaries of the wound path space model.

The value for the variance is selected in keeping with
two conventions:

e In a normal distribution, 95% of values in the dis-
tribution are expected to occur within two stan-
dard deviations of the mean of the distribution.

e In trauma care, injuries that have less than a 5%
probability of being present (based on clinical in-
formation) are not pursued with costly definitive
diagnostic procedures.

Since the standard deviation (0.5 * M az Angle) is half
of the two standard deviations from the center that
would encompass 95% of bullet paths, we set the vari-
ance to be (0.5 M az Angle)?. This choice of variance
produces trajectories which stay within the boundaries
of the wound path space model roughly 95% of the time
and trajectories whose paths lie outside these bound-
aries roughly 5% of the time (see [12]).

The angle r representing a trajectory’s rotation about a
wound path space apex lies in the interval 0° <= r <
360° and is produced using a random number genera-
tor which generates uniformly distributed numbers, z,
over the interval 0.0 <=z < 1.0.

Generating experimental stab paths

To determine stab wound probabilities, we simulate a
set of blades within the stab wound path space using
two angles to determine the slant and rotation of the
blade. One angle corresponds to the deviation of the
blade from a direction perpendicular to the entry point
on the skin surface and the other to the rotation of the
blade about an axis perpendicular to the blade’s en-
try point. The angles are generated in much the same
way as those for the gunshot trajectories: the first is
produced by the random number generator that obeys
a normal distribution, and the second by the generator
that obeys a uniform distribution. Currently we use 200
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Figure 3: Cross-sectional views of three penetration path hypotheses

simulated blades for our anatomical structure intersec-
tion calculations. The number of blades used in inter-
section calculations may be increased but the attendant
trade-off between accuracy in estimating probabilities
and increases in computation time must be taken into
consideration. '

EXAMPLE

Consider a case involving four external gunshot
wounds (two anterior, two posterior) to the left and
right sides of the chest, and no bullets lodged in the
body. There are three different penetration path hy-
potheses for these gunshot wounds (Figure 3). The
text output below is the system’s assessments of these
hypotheses. Figure 4 shows output for hypothesis (1).
The actual system display is in color - Figures 3 and 4
are black and white screen dumps.

(HYPOTHESIS 1)

Computing intersections for bullet/stab path #1
Skeleton parts in path: skeleton.lcartilaged
Skeleton parts in path: skeleton.lcartilageS
Skeleton parts in path: skeleton.sternumbody
Skeleton parts in path: skeleton.lrib8
Skeleton parts in path: skeleton.t8

Organs in path: heartL.heartL

Organs in path: lungsL.lungsL

Organs in path: desc_aorta.desc_aorta
Organs in path: wind.pipes

Organs in path: wind.trachea

Hit probability: skeleton.lcartilaged: 96.00% +/- 2.72

Hit probability: skeleton.lcartilage5: 0.50%

Hit probability: skeleton.sternumbody: 4.50% +/- 2.87

Hit probability: skeleton.lrib8: 95.00% +/- 3.02
Hit probability: skeleton.t8: 19.00% +/- 5.44

Hit probability: heartL.heartL: 93.50% +/- 3.42
Hit probability: lungsL.lungsL: 95.00% +/- 3,02

Hit probability: desc_aorta.desc_aorta: 20.50% +/- 5.60

Hit probability: wind.pipes: 23.00% +/- 5.83
Hit lity: wind. hea: 25.50% +/- 6.04

Computing intersections for bullet/stab path #2
Skeleton parts in path: skeleton.rrib8

Organs in path: lungsL.lungsL ’

Organs in path: wind.pipes

Organs in path: wind.trachea

Hit probability: lko‘l.oton.rrib!: 96.008% +/- 2.72
Hit probability: lungsL.lungsL: 96.00% +/- 2.72
Hit probability: wind.pipes: 2.00%

Hit probability: wind.trachea: 2.00%

(HYPOTHESIS 2)

Computing intersections for bullet/stab path #1
Skeleton parts in path: skeleton.rrib8
Skeleton parts in path: skeleton.t7
Skeleton parts in path: skeleton.t8
Skeleton parts in path: skeleton.t9
Organs in path: wind.pipes

Organs in path: wind.esophagus

Organs in path: wind.trachea

Organs in path: heartL.heartlL

Organs in path: lungsL.lungsL

Hit probability: skeleton.rrib8: 93.50% +/- 3.42
Hit probability: skeleton.t7: 3.00% +/- 2.36
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Hit probability: skeleton.t8: 38.008% +/- 6.73
Hit probability: skeleton.t9: 4.00% +/- 2.72
Hit probability: wind.pipes: 21.50% +/- 5.69

Hit ability: wind.

: 13.508 +/- 4.74

Hit p lity: wind.

hea: 5.508% +/- 3.16

Hit probability: heartL.heartL: 98.50%
Hit probability: lungsL.lungsL: 96.00% +/- 2.72

Computing intersections
Skeleton parts in path:
Skeleton parts in path:
Skeleton parts in path:
Skeleton parts in path:

for bullet/stab path #2
skeleton.1lrib8s
skeleton.t?

skeleton.t8

skeleton.t9

Organs in path: desc_aorta.desc_aorta
Organs in path: wind.pipes

Organs in path: wind.esophagus
Organs in path: wind.trachea

Organs in path: heartL.heartl

Organs in path: lungsL.lungsL

Hit probability: skeleton.lrib8: 94.00% +/- 3.29
Hit probability: skeleton.t7: 12.50% +/- 4.58
Hit probability: skeleton.t8: 96.00% +/- 2.72
Hit probability: skeleton.t9: 3.00% +/- 2.36
Hit probability: desc_aorta.desc_aorta: 2.50%
Hit probability: wind.pipes: 95.50% +/- 2.87
Hit probability: wind.esophagus: 93.008% +/- 3.54
Hit probability: wind.trachea: 9.50% +/- 4.06

Hit probability: heartL.heartL: 97.50%
Hit probability: lungsL.lungsL: 92.50% +/- 3.65

(HYPOTHESIS 3)
Computing intersections for bullet/stab path #1
No organ/skeleton intersections detected

Computing intersections for bullet/stab path #2

No organ/skeleton intersections detected

FUTURE WORK AND CONCLUSION

We have presented an interactive graphical system that
determines which anatomical structures are affected in
penetrating trauma and computes the probability of in-
jury to these structures. The system can be used as a
stand-alone system (to aid in diagnosis or help medi-
cal students in learning about anatomy), or it may be
coupled to arule-based or decision theoretic diagnostic
reasoning system.

Coupling the assessment system to a diagnostic rea-
soner would give the latter principled evidence deriv-
ing from the mechanism of injury. Making the coupling
bi-directional would allow feedback from the diagnos-
tic reasoner to help the assessment system eliminate
certain penetration path hypotheses. The assessment
system could then increase penetration probabilities for
anatomical structures associated with hypotheses that
were not ruled out and decrease the penetration prob-
abilities of those structures associated with ruled-out
hypotheses.

A web-based version of the system is under develop-
ment for remote use. The current web prototype is a
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Figure 4: Penetration path hypothesis with injury probabilities

simplified 2D version of the system. We are extend-
ing this to a 3D system by modeling the anatomical
structures and wound path space representations with
the Virtual Reality Modeling Language (VRML). We
will use written feedback from users of this extended
system to gather evidence for the system’s usefulness
as a stand-alone tool for aiding diagnosis/education.
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